The aim of this study was to investigate the comprehension of concrete, abstract and abstract emotional words in semantic variant primary progressive aphasia (svPPA), Alzheimer's disease (AD), and healthy elderly adults (HE) Three groups of participants (9 svPPA, 12 AD, 11 HE) underwent a general neuropsychological assessment, a similarity judgment task, and structural brain MRI. The three types of words were processed similarly in the group of AD participants. In contrast, patients in the svPPA group were significantly more impaired at processing concrete words than abstract words, while comprehension of abstract emotional words was in between. VBM analyses showed that comprehension of concrete words relative to abstract words was significantly correlated with atrophy in the left anterior temporal lobe. These results support the view that concrete words are disproportionately impaired in svPPA, and that concrete and abstract words may rely upon partly dissociable brain regions.
Introduction
Semantic variant primary progressive aphasia (svPPA) is a neurodegenerative disease characterized by progressive breakdown of semantic knowledge (Hodges & Patterson, 2007; Hodges, Patterson, Oxbury, & Funnell, 1992) . The most recent clinical diagnosis criteria include impaired naming, impaired word comprehension, impaired object knowledge, and surface dyslexia/ dysgraphia, while repetition and speech production are spared (Gorno-Tempini et al., 2011) . This syndrome is associated with bilateral atrophy of the anterior temporal lobes (ATL), typically predominating in the left hemisphere (Hodges et al., 1992) .
The nature of semantic memory breakdown in svPPA has been the focus of much research in recent years, but there is still debate concerning some of the specific deficits that characterize the semantic impairment in svPPA. One of those debates concerns the comprehension of abstract and concrete concepts. Concrete concepts are tangible entities that can be experienced via our senses and are typically highly imageable (e.g. objects). They are highly dependent upon the visual modality but also on other sensory modalities. Conversely, abstract concepts can be expressed only via language and are usually poorly imageable. A robust phenomenon known as the concreteness effect reflects an advantage in processing for concrete words (e.g. tomato, computer, shoe) over abstract words (e.g. liberty, belief, trust), both in terms of accuracy and reaction times in neurologically-intact participants (Paivio, 1991; Xiao, Zhao, Zhang, & Guo, 2012) . The disadvantage in processing abstract words has also been found to be enhanced in patients suffering from neurological conditions such as acquired deep dyslexia and dysgraphia and Alzheimer's disease (AD) (Franklin, Howard, & Patterson, 1994 Peters, Majerus, De Baerdemaeker, Salmon, & Collette, 2009 dual-coding hypothesis (Paivio, 1986 (Paivio, , 1991 , concrete words are better processed because they benefit from both visual and verbal coding, while abstract words benefit only from verbal coding (but see Kousta, Vigliocco, Vinson, Andrews, & Del Campo, 2011; Paivio, 2013 , for a more recent debate). Thus, even though both concrete and abstract concepts can be expressed via language, concrete words have the additional advantage of being highly imageable and having richer semantic representations (Paivio, 1986 (Paivio, , 1991 . Alternatively, it has been proposed that abstract and concrete conceptual knowledge relies on qualitatively different representations, as abstract concepts, but not concrete concepts, are represented in an associative neural network (Crutch & Warrington, 2005 . Lastly, the Context Availability Theory attributes concreteness effects to a less detailed representation in memory for abstract than concrete concepts (Schwanenflugel, Harnishfeger, & Stowe, 1988; Schwanenflugel & Shoben, 1983) .
A number of studies have documented the reverse pattern in concrete and abstract word processing in svPPA patients. A number of single case studies and brief series have shown that svPPA patients were more impaired at processing concrete words than abstract words (Bonner, Ash, & Grossman, 2010; Breedin, Saffran, & Coslett, 1994; Catricala, Della Rosa, Plebani, Vigliocco, & Cappa, 2014; Macoir, 2009; Papagno, Fogliata, Catricala, & Miniussi, 2009; A. Reilly, Cross, Troiani, & Grossman, 2007; Warrington, 1975; Yi, Moore, & Grossman, 2007) , an effect sometimes called reversal of the concreteness effect (RCE). This effect has been interpreted by some authors as resulting from atrophy to the inferior temporal cortex affecting visual association cortex and leading to the deterioration of visuoperceptual knowledge about objects (Yi et al., 2007) . According to this view, RCE would result from a greater impairment in processing concrete words due to their imageability and crucial reliance on visual sensory knowledge (Bright, Moss, Longe, Stamatakis, & Tyler, 2007) while abstract words rely more on verbal associations.
Other studies, however, did not find this reversal of concreteness in svPPA (Hoffman, Jones, & Lambon Ralph, 2013; Hoffman & Lambon Ralph, 2011; Jefferies, Patterson, Jones, & Lambon Ralph, 2009) . Authors who have not found RCE in svPPA suggested that when studying abstract and concrete word processing, studies should strictly control for factors such as word frequency and imageability of stimuli used in the semantic tasks. Indeed, they suggested that the use of higher frequency words to investigate abstract knowledge and the lack of strict control of imageability may benefit abstract words and may have resulted in RCE. A synonym judgment task combining a large manipulation of concreteness (i.e. imageability) and good control of word frequency should reliably lead to better processing of concrete words over abstract words (Hoffman & Lambon Ralph, 2011) . These authors also suggested that premorbid level of functioning, such as occupation and education, may also account at least in part for RCE in the svPPA cases reported. In fact, several (but not all) of the previously reported cases of svPPA patients who showed RCE were professionals who presumably had a greater level of education and had developed more substantial abstract vocabulary, which may have helped these patients to better preserve their comprehension of abstract words (Hoffman & Lambon Ralph, 2011; Macoir, 2009 ). Severity of the disease was also pointed out as a potential factor modulating the presence of RCE in svPPA patients. For instance, Macoir (2009) reported the longitudinal single-case study of patient SC who initially presented RCE and greater deficits for perceptual/structural knowledge, but with disease progression RCE vanished as well the distinction between visual perceptual and non-perceptual knowledge. It is thus possible that RCE may be present earlier in the disease process, and that studies that did not find this advantage for abstract words recruited patients who were at more advanced stages.
Another factor which has not been investigated in detail in previous studies is the impact of other components that might ground concepts. Particularly, abstract concepts have been showed to be more emotionally valenced than concrete concepts (Kousta et al., 2011) . Nonetheless, no study seems to have tested whether emotional words, especially abstract words, are processed similarly to non-emotional words in svPPA. Studies in normal healthy participants have found that emotional valence was accessed earlier than semantic aspects such as concreteness of verbs (Palazova, Sommer, & Schacht, 2013) . Furthermore, one study showed that in AD, abstract words deteriorated more quickly than concrete words when there was no emotional valence to the words, but this difference between abstract and concrete words was not observed when emotional words were used (Giffard, Laisney, Desgranges, & Eustache, 2015) . This suggests that words may be less prone to deterioration in some neurodegenerative diseases when they are emotionally anchored. It remains to be explored whether this is the case in svPPA patients.
Little is known about the neuroanatomical bases of abstract and concrete word processing in neurodegenerative diseases. Neuroimaging was reported in some case reports but only showed the pattern of atrophy, without allowing to correlate the behavioral data with RCE (Macoir, 2009; Papagno, Capasso, & Miceli, 2009; . Some studies found RCE in svPPA and suggested that RCE may result from underlying damage to the inferior temporal cortex causing a breakdown of structural and perceptual knowledge about concrete concepts (Macoir, 2009; Yi et al., 2007) . This is supported by a study that measured cortical thickness in a subgroup of 5 svPPA patients, who showed an advantage in processing abstract verbs relative to concrete verbs, and which revealed significant cortical thinning in visual association areas within the anterior, lateral and ventral portions of the temporal lobes, while greater difficulty for concrete verbs relative to abstract words was related to thinning of the right anterior temporal cortex (Bonner et al., 2009 ). To our knowledge, only one recent study investigated the neural correlates of concrete and abstract word processing in a group of svPPA (Cousins, York, Bauer, & Grossman, 2016) . This study, which also found RCE in svPPA, showed that the effect was associated with atrophy in the left ATL in svPPA, while a typical CE in the behavioral variant of Frontotemporal dementia (bv-FTD) was associated with bilateral atrophy in the inferior frontal cortex. According to the initial ''huband-spoke" theory of semantic memory, conceptual representations emerge from the interaction of modality-specific association cortices with a transmodal hub located in the ATL bilaterally (Patterson, Nestor, & Rogers, 2007) . In a recent version of this model (Ralph, Jefferies, Patterson, & Rogers, 2017) , the notion of a ''graded ATL semantic hub" emerged, based on a decade of original work in this field. According to this model, a cross-modal hub is centered on the ventrolateral ATL, while semantic function varies in a graded manner across specific ATL subregions within the broader ATL. Notably, the medial ATL responds more to visual or concrete concepts due to greater connectivity to visual systems (relative to auditory or linguistic systems), whereas the anterior STS-STG responds more to abstract concepts because of its greater connectivity to language systems (Ralph et al., 2017) .
Neuroimaging studies have also contributed to our understanding of concrete and abstract word processing. In a meta-analysis of the neuroimaging literature on semantic memory, Binder, Desai, Graves, and Conant (2009) reported that abstract concepts were found to activate the left inferior frontal gyrus (IFG), superior portions of the left ATL, and the superior temporal sulcus (STS). In contrast, concrete concepts were associated with more distributed activation across the two hemispheres, more specifically in bilateral angular gyrus (AG), bilateral dorsomedial prefrontal cortex, left posterior cingulate and left fusiform cortex. In another neuroimaging meta-analysis (Wang, Conder, Blitzer, & Shinkareva, 2010) , abstract concepts were associated with activity in the left IFG and the left temporal pole (TP), while concrete concepts were associated with activity in the left AG, left posterior inferior temporal cortex, and posterior anterior cingulate. Finally, a recent study investigated processing of abstract and concrete words by using both fMRI connectivity in healthy subjects and a behavioral study of 10 aphasic stroke patients with left temporoparietal lesions (Skipper-Kallal, Mirman, & Olson, 2015) . Results from this study suggest (partially) functionally distinct networks for abstract and concrete words. Indeed, in the fMRI study the anterior IFG was functionally associated with the angular gyrus and posterior STS during abstract word processing, while the aIFG was functionally connected to the MTG and TP during concrete word processing. The lesion study also showed that patients with lesions in the left temporoparietal cortex (TPC), including the AG, had specific difficulty discerning the meaning of abstract words but not concrete words. This study thus suggests a key role of the left TPC in comprehension of abstract concepts.
Clearly, more neuroimaging studies are needed to better understand the neuroanatomical bases of concrete and abstract word processing. Our objective is to achieve this goal with a group of svPPA patients. More specifically, the aims of the present study were: (1) to investigate comprehension of concrete and abstract words in a group of svPPA patients using a similarity judgment task, and to compare their performance with a group of AD patients and healthy controls matched for age and education; (2) to investigate the role of emotional anchorage of abstract words by comparing comprehension of abstract emotional and nonemotional words; and (3) to test the association between brain atrophy and performance in the task using Voxel-Based Morphometry (VBM). The hypothesis was that svPPA patients would present with a reversal of the concreteness effect relative to the degree of anchorage of concepts (abstract > emotional > concrete), while AD patients would present with an enhancement of the concreteness effect. It was also hypothesized that RCE in svPPA would correlate with atrophy in the ATL. Specific attention was paid to a number of factors that have previously been pointed out as potential confounds. First of all, svPPA and AD patients were in a mild stage of the disease, thus controlling for disease severity. Secondly, patients and participants were matched for age and level of education, thus avoiding potential differences in terms of premorbid experience between groups.
Material and methods

Participants
Nine patients with a clinical diagnosis of semantic svPPA (2 women, 7 men), 12 patients with AD (4 women, 8 men), and 11 healthy elderly adults (HE) (4 women, 7 men) took part in this study. Demographics of participants are presented in Table 1 . The three groups were matched for age, education, and gender (see Table 1 ). The svPPA and AD patients were recruited through La Clinique interdisciplinaire de Mémoire du Centre hospitalier universitaire (CHU) de Québec and referred by a neurologist with expertise in neurodegenerative diseases (RL). SvPPA patients were diagnosed according to current criteria (Gorno-Tempini et al., 2011) . Diagnosis of AD was made based on the research criteria of the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association (McKhann et al., 2011) and the clinical criteria for dementia of the Alzheimer type (American Psychiatric Association, 1994) . General exclusion criteria were: first spoken language other than French, left-handedness, developmental learning disabilities, past psychiatric disorder, history of traumatic brain injury, and uncorrected hearing and vision problems. The study was approved by the research ethics committee of the CHU de Québec (Project #2015-1909) and written informed consent was obtained from all participants.
Neuropsychological assessment
All participants completed a standard battery of neuropsychological tests. It assessed general cognitive status by means of the MMSE (Folstein, Folstein, & McHugh, 1975) , as well as more specific cognitive domains. These domains included nonverbal and verbal episodic memory (Meyers & Meyers, 1995;  Immediate and differed recall of the Rey Complex Figure Test , Osterrieth, 1944; Rey Auditory Verbal Learning Test, Rey, 1960) , language and semantic memory (Boston Naming Test, Kaplan, Goodglass, & Weintraub, 1983; Pyramids and Palm Trees Test, Howard & Patterson, 1992) ; free, letter and semantic fluency (Protocole MEC, Joanette, Ska, & Côté, 2004) , working memory (Forward and Backward Digit-span, Wechsler, 1997) , visual perception (Benton Line Orientation test, Benton, Varney, & Hamsher, 1978; Benton Facial Recognition, Benton & Van Allen, 1968; Qualls, Bliwise, & Stringer, 2000) , visuoconstructional skills (Meyers & Meyers, 1995 ; copy of the Rey Complex Figure Test , Osterrieth, 1944) ; Clock-drawing Test (Rouleau, Salmon, Butters, Kennedy, & McGuire, 1992) , and executive functions (Stroop-Victoria Test, Strauss, Sherman, & Spreen, 2006 ; Trail making test A&B, Tombaugh, 2004) . Results are presented in Table 1 .
Similarity judgment task
Semantic knowledge of concrete, emotional and abstract words was assessed in a written semantic similarity judgment task. Participants completed a total of 30 trials with 10 stimuli per condition (10 concrete words, 10 emotional abstract words and 10 abstract words). Each trial was composed of triplets of words: two nouns with a very similar meaning and a third semantically irrelevant noun. All words were matched for lexical frequency (F < 1). Concrete nouns and emotional/ abstract nouns showed high (6.36) and low (Abstract and Abstract-emotional = 2.9) imageability scores respectively, considering that concrete words are easily imageable contrary to abstract words (Breedin et al., 1994; Macoir, 2009) . It can be assumed that words with high imageability values exert greater demands on sensory and perceptual levels of processing, while the words with low imageability values exert greater demands on more abstract conceptual processing (Martensson, Roll, Apt, & Horne, 2011) . Lexical frequency of words was taken from the French Lexical Database Lexique 3.01 (New, Pallier, Brysbaert, & Ferrand, 2004 ; http://www.lexique.org/) while word imageability was taken from the University of Ottawa OMNI-LEX database (OMNILEX: A Computerized Database on the French Lexicon; http://www.omnilex.uottawa.ca/; Desrochers, 2006).
Procedure
The experiment was designed and ran using OpenSesame 2.91 (Mathot, Schreij, & Theeuwes, 2012) . The experiment started with a written and oral presentation of the instructions. Participants had to determine which word among the visually-presented triplet was the least similar from the two other semantically related nouns. In other words, participants had to find the intruder among the three displayed words.
Each trial started with a fixation point displayed in the middle of the screen for 500 ms. Participants were then simultaneously presented with three written nouns aligned horizontally in the center of the screen. The triplet remained on the screen until a response was provided.
The position of the nouns on the screen was pseudorandomized so that the correct response was equally distributed across the three possible positions (left, center, right). Trial order was randomly determined for each participant. Each word occurred only once during the experiment.
Statistical analyses
Analyses were conducted on correct response rates (CR) computed in each condition since participants have no specific timerelated instructions. Analyses of variance (ANOVA) were ran with the Group (HE vs. AD vs. svPPA) as between-subjects variable and the Item-Type (concrete vs. emotional vs. abstract) as within-subjects variable. Then separate ANOVA were computed, one for each group, with the Item-Type as within-subjects variable. Homogeneity of variance (i.e. sphericity in a repeated measures design) was assessed using the Mauchly's Test for sphericity. When sphericity was violated, the Greenhouse-Geisser correction was applied and reported in the results. Posthoc analyses were computed using unilateral Student's t-test corrected for multiple comparisons using the Holmes procedure. A p value (corrected when needed) inferior to 0.05 was used as a significant threshold for all analyses.
Voxel-based morphometry 2.4.1. Image acquisition
Nine svPPA patients, 11 AD patients and 10 HE who completed the similarity judgment test underwent a Magnetic Resonance Imaging protocol including a high-definition T1 brain image. The brain structural MRI scans were obtained with a 3T Philips Achieva TX scanner at IRM Québec-Mailloux in Quebec City. A volumetric magnetization prepared rapid gradient echo (MP-RAGE) sequence was used to acquire a high-resolution T1 3D structural image (TR = 8.2 ms, TE = 3.7 ms, FoV = 250 mm, flip angle = 8°, 256 Â 256 matrix, 180 slices/volume, slice thickness = 1 mm, no gap).
2.4.2. Data analysis 2.4.2.1. Image preprocessing. The structural images were preprocessed using voxel-based morphometry (VBM) implemented in SPM12 using MATLAB 7.14.0.739 (Mathworks, Natick, MA). The images were segmented into gray (GM) and white (WM) matter. Affine registered tissue segments were used to create a custom template using the DARTEL (diffeomorphic anatomical registration using exponentiated lie algebra) approach (Ashburner, 2007) . For each participant, the flow fields were calculated during a template creation, which described the transformation from each native GM image to the template. These were then applied to each participant's GM image. The VBM analysis was based on modulated GM images, whereby the GM value for each voxel was multiplied by the Jacobian determinant derived from spatial normalization to preserve the total amount of GM from the original images (Ashburner & Friston, 2000) . The resulting modulated and normalized images were then smoothed with a Gaussian kernel of 8 mm FWHM. 
Statistical analysis
Accuracy on the semantic similarity judgment task with concrete and abstract words was entered in a single multiple regression statistical model as separate covariates of interest. Smoothed GM images of all participants were entered as a single group in the statistical model. Age and gender were entered as nuisance covariates. Specific contrasts were set in order to identify the brain regions that correlated with concrete and abstract word accuracy, respectively. The correlation was tested using a [1] tcontrast, assuming that decreased semantic processing would be associated with decreased GM volumes. The significance of each effect of interest was determined using the theory of Gaussian fields (Friston et al., 1995) . Statistical threshold of p < 0.001 uncorrected for multiple comparisons was used. In order to characterize the pattern of atrophy in patient groups, two separate two-sample T-test models were used to compare GM volume in AD versus controls and in svPPA versus control (Fig. 2) .
Results
Semantic similarity judgment task
The ANOVA performed on the CR revealed a main effect of Group, F(2, 29) = 14.83, p < 0.05, g 2 g = 0.39, whereby HE (M = 0.9, SD = 0.3) performed better than AD patients (M = 0.81, SD = 0.4), who in turn performed better than svPPA patients (0.6 ± 0.5) (all p < 0.05).
The Item-Type factor was also significant, F(1.61, 46.73) = 6.54, p < 0.05. A significant difference was observed between concrete words and both emotional and abstract words (p < 0.05), whereas no significant difference was observed between the emotional and the abstract words (p = 0.91). Finally, the Group by ItemType interaction was not significant, F(3.22, 46.73) < 1.
Following our a priori hypothesis about the Group by Item-Type interaction, we conducted separate ANOVA for each group on ItemType as the within-subjects variable (see Fig. 1 ) and a priori pairewise t tests of Student were used to further analysed the data for each group. In the HE group, the ANOVA revealed a significant effect of Item-Type, F(2, 20) = 3.92, p < 0.05, g 2 g = 0.2. Emotional words tended to be better processed than concrete words (p = 0.05), whereas no other significant difference was observed (p = 0.91). On the contrary, the Item-Type factor was not significant in the AD group, F(2, 22) = 2.05, p = 0.15, g 2 g = 0.04 (no significant difference between the conditions, p > 0.50) or in the svPPA group, F(2, 16) = 2.2, p = 0.14, g 2 g = 0.10. However in the svPPA group, abstract nouns were processed significantly better than concrete nouns (p < 0.05), whereas processing emotional nouns was not statistically different from processing of abstract (p = 0.41) and concrete nouns (p = 0.28).
Voxel-based morphometry results
A positive correlation between concrete word semantic judgment and GM volume was observed in the left anterior temporal lobe, both medial (x = À29, y = À3, z = À30, T = 4.37; x = À35, y = À21, z = À32, T = 3.55) and lateral portion (x = À62, y = À12, z = À17, T = 3.45). No significant correlation was observed between abstract word semantic judgment and the GM (see Fig. 3 ). 
Discussion
The aim of the present study was to investigate abstract, abstract emotional and concrete word processing in svPPA, AD, and normal aging. Behavioral results showed that the svPPA group was significantly more impaired at processing concrete words relative to abstract words in a similarity judgment task, while this effect was not found in the AD and control groups. Comprehension of emotional abstract words in svPPA was mid-way between that of concrete and abstract words. In the AD group, there was no significant difference between any word categories. In the HE group, abstract emotional words were better processed than concrete words. Finally, VBM analyses showed that concrete word comprehension correlated with the volume of gray matter in the left ATL region and the anterior hippocampus. In contrast, deficits in abstract word comprehension did not correlate with atrophy in any region.
Discrepancies found across studies regarding the RCE effect in svPPA may be explained in terms of insufficient control of factors such as word frequency and word concreteness/imageability. In the current study, a significantly greater impairment at processing concrete words relative to abstract words was found in svPPA, even though lexical frequency and concreteness of stimuli were controlled. Concrete, abstract, and abstract emotional word lists were matched for lexical frequency, and mean imageability values of concrete words were significantly greater than those of abstract and abstract emotional words. Therefore, our results corroborate those of former studies (Breedin et al., 1994; Catricala et al., 2014; Cousins et al., 2016; Macoir, 2009; Papagno, Capasso, et al., 2009; Reilly & Kean, 2007; Yi et al., 2007) and suggest that the effect observed in svPPA is not due to confounding factors related to the properties of the stimuli (see also Catricala et al., 2014) . Furthermore, abstract emotional and abstract words were matched for imageability, and despite this, svPPA patients exhibited a gradual decline inversely related to the anchorage of words. However, it is worth pointing out that in the current study concrete words were not better processed than abstract words by healthy controls and AD patients, contrary to what has been reported in previous studies (Paivio, 1991; Peters et al., 2009; Xiao et al., 2012) . Although we do not have a clear explanation for this, one possibility is that our task was easy. Indeed, the effect is more typically found on reaction times during lexical decision. Similarly, mean frequency of triplets may have been higher than in previous studies, which may have resulted in higher scores and less differences in performance across word categories, but this is difficult to verify since frequencies are not the same across languages. It could also be argued that concrete triplets were simply more difficult than abstract triplets, and that patients were more impaired on the most difficult semantic condition, however this seems unlikely since word lists were matched for lexical frequency. Future studies could perhaps further investigate this question by using latent semantic analyses or measures of semantic distance between targets and distracters, if such measures are available. Regardless, comprehension of concrete words was significantly more impaired than that of abstract words only in the svPPA group. Differences in premorbid experience of abstract word processing (Hoffman & Lambon Ralph, 2011) , such as the level of educational achievement, are also unlikely to account for the results of the current study since all three groups were matched for number of years of education. Disease severity was also considered in the present study; both AD and svPPA patients were in a mild stage of the disease. The longitudinal single case study of patient SC (Macoir, 2009) showed that this patient initially showed RCE, but that the difference between concrete and abstract word processing faded with disease progression. This raises the possibility that RCE may be more present early in the disease. This needs to be further tested by means of longitudinal studies of svPPA patients.
The pattern of results found in svPPA is challenging to interpret in terms of Paivio's dual-coding hypothesis (Paivio, 1986 (Paivio, , 1991 , which posits that concrete words benefit from both visual and verbal coding while abstract words benefit only from verbal coding. Accordingly, concrete words should be more resistant to brain damage than abstract words. In contrast, the greater impairment for concrete words in svPPA is compatible with the sensory deficit hypothesis in svPPA. According to this view, the atrophy in the anterior temporal lobes leads to impaired high-level visual processing (see Barense, Rogers, Bussey, Saksida, & Graham, 2010) . The results in svPPA are also consistent with the differential structural framework theory (Crutch, 2006; Crutch, Connell, & Warrington, 2009; Crutch, Troche, Reilly, & Ridgway, 2013; Crutch & Warrington, 2005 , which suggests qualitatively different semantic representations and functional organization of concrete and abstract concepts. According to this view, abstract concepts are represented in an associative network while concrete concepts have a categorical organization, and these differences must be reflected in the neural bases of conceptual knowledge (Crutch & Warrington, 2005) . Abstract words are acquired in the context of language (Breedin et al., 1994) , have richer associations and multiple meanings. Concrete concepts in contrast are categorically organized and processed according to their semantic similarities. Concepts of the same category can be compared based on their shared sensory, motor and functional features. Thus, greater impairment in svPPA for concrete concepts may reflect greater damage to this underlying categorical organization. It must be noted however that Crutch and Warrington (2005) insist on the relative rather than absolute distinction and non-mutually X = -60 X = -27 Fig. 3 . Positive correlation between concrete word semantic judgment and gray matter (GM) volume in the medial (A) and lateral (B) portions of the left anterior temporal lobe was observed.
exclusive nature between the associative and categorical representational framework. Finally, the context availability theory suggests that abstract words have a less detailed representation in memory than concrete concepts due to less contextual information available (Schwanenflugel & Shoben, 1983; Schwanenflugel et al., 1988) . The authors reported that in healthy controls the advantage for concrete words disappeared when concrete and abstract words were presented within a context (e.g. sentences), as opposed to when they were presented as single words, suggesting that abstract words may rely to a greater extent on the context. Accordingly, the context of a sentence is more important in determining the meaning of an abstract word that has multiple meanings and whose meaning depends on the specific context in which it is presented. In contrast to the differential structural framework theory, which suggests a qualitatively different organization for concrete words rather than a quantitative one, results of the current study are more difficult to interpret in terms of the context availability theory, even though not entirely inconsistent. In fact, concrete and abstract words were presented as single words in this study and did not benefit from contextual information such as sentences. Thus, according to this view we should have expected a typical concreteness advantage in patients. In regard to emotional processing, the svPPA group is the only group to exhibit performance for emotional abstract concepts at the mid-point between abstract and concrete nouns, whereas these nouns tend to be better processed in HE and no difference is observed in the AD group (see also, Catricala et al., 2014; Giffard et al., 2015) . According to Kousta et al. (2011) , abstract concepts are more grounded in emotional valence while concrete concepts are more grounded in sensori-motor components. Yet, emotional abstract words rely more on emotional valence than nonemotional abstract words, even when these two types of words are matched for imageability, frequency or other linguistic parameters. Therefore, the fact concrete words are less well processed than emotional abstract words, which in turn are less well processed than abstract words in svPPA patients, may suggest that degradation of knowledge in svPPA is inversely correlated to the anchorage of concepts (assuming sensorimotor components are a more important anchor than emotion). This assumption is also compatible with the evolution of brain atrophy in svPPA, starting from the anterior temporal lobes and extending with disease progression to the ventromedial frontal and the left anterior insular regions (Brambati et al., 2009) which are key structures in emotion processing (Phan, Wager, Taylor, & Liberzon, 2002) . Along the same line, specific socioemotional disturbances are encountered in this syndrome and their onset may mirror the progression of atrophy to frontal and insular regions. One difference between our study and work by Kousta et al. (2011) is that we used imageability as a proxy for concreteness (i.e. concrete words were highly imageable while abstract words were not), whereas Kousta et al. used concrete and abstract words that were matched on imageability. These methodological differences must be considered when comparing results.
Even though it is evident that concrete and abstract word comprehension relies on a common distributed neural network, it is possible that differences in the representations of abstract and concrete words may be underpinned by at least partly different neural regions, such as suggested by clinical dissociations (for review, see Shallice & Cooper, 2013) . For instance, aphasic patients with frontal or temporoparietal lesions have been found to present with specific difficulties in processing abstract words, while an anomic aphasic patient with occipital lesions exhibited difficulty in concrete word processing (Martensson et al., 2011; Tyler, Ostrin, Cooke, & Moss, 1995) . Other studies also showed that semantic aphasia patients who suffered prefrontal and/or temporoparietal infarction show deregulated semantic cognition across different modalities, i.e. they had difficulties in semantic tasks due to a failure of executive control (Corbett, Jefferies, & Ralph, 2011; Jefferies & Lambon Ralph, 2006) . Abstract words, which are more associative and context-dependant, may thus be more reliant on these regions involved in semantic control processes. Concrete words however may depend to a greater extent on their sensorimotor features (Barsalou, 2008; Vallet, Simard, Versace, & Mazza, 2013) . It has been suggested, for example, that damage to inferotemporal cortex and visual association cortices may lead to degraded visual perceptual and structural features of objects, and that damage to these regions of the visual ventral stream may account for the disproportionate impairment of svPPA patients found in processing concrete concepts (Bonner et al., 2009; Macoir, 2009; Yi et al., 2007) . Further evidence in favor of partly dissociable neuroanatomical substrates of abstract and concrete word processing comes from neuroimaging studies of healthy subjects. For instance, abstract word processing has been found to activate a subregion of the left inferior frontal gyrus more strongly than concrete words (BA 45), while the reverse contrast showed that specific activity for concrete words was observed in the left basal temporal cortex including the perirhinal cortex (Fiebach & Friederici, 2004) .
Neuroimaging results in the current study showed that poorer concrete word comprehension in the synonym judgment task correlated with gray matter volume loss in the left anterior temporal lobe, more specifically in the temporopolar cortex, and the anterior section of the hippocampus (see Fig. 3 ). These results are similar to those of Cousins et al. (2016) . To the best of our knowledge, the latter study is the only other that investigated the relation between this dissociation in concrete and abstract word processing and gray matter atrophy in a group of svPPA patients. They showed RCE in svPPA patients, while bv-FTD patients showed a concreteness effect. Regression analyses showed that RCE was associated with left anterior-inferior temporal atrophy in svPPA, while the CE was associated with bilateral inferior frontal atrophy in bv-FTD. In the current study, however, we used a different method whereby the svPPA and AD patients were entered in the statistical model as a single group in order to increase the brain atrophy variability and statistical power. The strength of this method it that it relies on the neuroanatomical variability of the different patient groups pooled in the same analysis (see for instance Amici et al., 2007; Brambati et al., 2006; Joubert et al., 2016) . Despite these methodological differences, processing concrete words was also associated with gray matter volume in the left anterior temporal lobe: impaired concrete word comprehension was associated with greater atrophy in this region. In contrast, we did not find abstract word processing to be associated with atrophy in any brain region.
These results suggest that the left ATL may have a more prominent role in processing concrete words compared with abstract words. This is not consistent with the initial version of the hub and spokes model which suggests that all types of concepts, concrete and abstract, are processed likewise by the ATL region, which acts as a central, amodal hub of conceptual knowledge (Lambon Ralph, Cipolotti, Manes, & Patterson, 2010; Patterson et al., 2007) . According to this view, we should not expect differential involvement of the ATL region in processing concrete and abstract words. However, the most recent and updated version of this model (Ralph et al., 2017) seems to accommodate our results. The graded hub hypothesis suggests that the ventrolateral ATL is the core of the hub, but that the function varies in a graded manner across adjacent ATL subregions, i.e. the latter subregions are more tied to a specific input modality. According to this model, the more medial ATL responds more to visual stimuli and concrete concepts, while the anterior superior temporal sulcus (aSTS) responds more to auditory stimuli, spoken words, and abstract concepts (Ralph et al., 2017) .
Other authors also suggested that greater difficulties in processing concrete words in svPPA are associated with damage to visual association cortex of the temporal lobe causing a breakdown of structural and perceptual knowledge about concrete concepts (Bonner et al., 2009; Macoir, 2009; Yi et al., 2007) . This view is consistent with the sensory-motor approach, according to which concrete concepts are represented under sensoryperceptual and action-motor features (Barsalou, 2008; Martin, 2007; Pulvermuller, 2005) . Although the degraded visual feature knowledge view provides a solid account of the impairment for concrete concepts in svPPA, it does not offer in our view a complete account of the pattern of semantic impairment in svPPA. For instance, Bonner et al. (2009) indicate that most evidence for a semantic memory deficit in SD in fact comes from demonstrations of difficulty with visual-perceptual material. But in a clinical setting, svPPA patients are often unable to recognize man-made and biological objects regardless of the sensory modality in which they are presented. The semantic deficits are multimodal and not only limited to the visual modality.
In accordance with the hypothesis of degraded visual feature knowledge, significant cortical thinning has been reported in svPPA in visual association areas within the anterior temporal cortex, as well as lateral and ventral atrophy extending more posteriorly in the temporal lobe (Bonner et al., 2009 ). In the current study, impaired concrete word comprehension was associated with gray matter atrophy in the left anterior temporal cortex, but did not correlate with more posterior visual association areas. Similarly, in a recent study by our group, RCE was found in epileptic patients who had undergone selective surgical resection of the ATL, while patients who had undergone selective amygdalohippocampectomy resection did not show this distinction between concrete and abstracts words (Loiselle et al., 2012) . The resection of ATL in these patients was also anterior, sparing posterior visual association regions. Although these patients are clearly different from svPPA patients, results suggest that damage to more posterior visual association cortices such as damaged in svPPA is not necessary to produce RCE, since these regions were spared in patients with selective ATL resection. These results along with those of the current study raise the possibility that damage to the ATL may be sufficient to cause a disproportionate impairment in processing concrete concepts and that lesions to more posterior visual association cortex may not be as critical. In addition, the temporopolar cortex (TPC), the most rostral portion of the temporal lobe, includes high order visual association cortical regions, extending more anteriorly than previously thought (Ding, Van Hoesen, Cassell, & Poremba, 2009 ). In a recent study, RCE was associated with left anterior and inferior temporal atrophy in svPPA (Cousins et al., 2016) . The authors suggested that concrete concepts may depend in part on sensory-motor features, with a significant role of the inferior temporal gyrus in visual feature knowledge and the superior temporal gyrus in auditory feature knowledge. This is consistent with our view, that concrete concepts are much dependent on features from different sensory inputs, and that atrophy in svPPA may damage a number of unimodal and multimodal anterior temporal lobe regions that support this knowledge as well as their connections with other regions of the brain. The degree of semantic impairment may vary as a function of the extent of atrophy and damage to these regions, but since temporal lobe atrophy in svPPA is typically quite extensive (Desgranges et al., 2007; Rogers et al., 2006) , we can presume that many of these regions are affected, which leads to the multimodal semantic impairment. Recent evidence suggests that the temporopolar cortex (TPC) is not a homogeneous cortical region but is subdivided in a number of distinct subregions specialized in discrete functions (for review, see Ding et al., 2009 ). Based on their combined analysis of different markers, seven subregions of the TPC were identified on the lateral, dorsal and medial aspects of the temporal pole. These regions included regions thought to be involved in processing abstract and high order visual processing, high order auditory processing, polysensory visual-auditory processing, and olfactory processing. The temporal pole, the most rostral of these subregions, may also be involved in binding various perceptual inputs (including visual and auditory) to visceral responses (Ding et al., 2009) . Further studies will be needed to better understand the specific roles of these subregions of the TPC.
Conclusions
In conclusion, the results of this study show a disproportionate impairment in processing concrete words vs. abstract words in svPPA. Moreover, emotional abstract word processing was between non emotional abstract word and concrete word processing in svPPA. In contrast, this pattern of results was not found in AD or in healthy aging. VBM results showed that there was an association between impaired concrete word processing and atrophy in the left ATL region. This is consistent with recent findings and suggests that this region may play a key role in multimodal sensory feature knowledge that is critical to the conceptual representations of concrete concepts.
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